Introduction
Intense efforts have been continually devoted to the research on organic-inorganic hybrid materials, which not only have fundamental interest in their rich structural diversities but also pose important synthetic challenges and exhibit unique structure-property correlations.
1 In the wide eld of hybrids, chalcogenidometallates of main group metals are attractive for potential applications in a wide eld of visible-light photocatalysts, 2 photoluminescence, 3 gas separators, 4 nonlinear optical generators, 5 photoconductors, 6 semiconductors, 4a,7 ion exchangers, 8 and magnetism. 9 Since Bedard et al. hydrothermally prepared microporous tin and germanium suldes in aqueous amine solution in the late 1980s, 10 the templating synthesis in liquids under mild hydro-or solvo-thermal conditions has been developed to be a versatile approach to the preparation of chalcogenidometallates. A large number of organic-inorganic chalcogenidometallates had been solvothermally prepared in organic solvents (such as organic amine or alkyl alcohol).
11 In presence of both transition metals (TMs) and coordinative polyamines, the chalcogenidometallates which contain charge compensating cation [TM(polyamine) m ] n+ had been obtained by the solvothermal methods.
12 Recently, several methodologies have been developed in preparation of the crystalline chalcogenides. Thermal synthesis in ionic liquids (ionothermal method) has been employed in the synthesis of chalcogenidometallates which dominated by the works of Dehnen and Huang.
13 The work of Zhang has shown that the surfactant-thermal method is a fruitful route to prepare chalcogenidoarsenates and chalcogenidoantimonates.
14 Apparently, the templating synthesis in liquid make it possible to chose different templates or solvents to affect the thermal reactions, and further to tune the structures and properties of the nal products. Hydrazine (N 2 H 4 ) is an excellent candidate for the reaction media for the syntheses of chalcogenidometallates because of the unique properties of hydrazine: (1) strong reducing ability (standard reducing potential: 4 q (N 2 /N 2 H 4 ) ¼ À1.16 V), (2) high polarity (dipole moment m ¼ 1.75 D), 15,16a and (3) high coordination aptitude to metal ions with less steric hindrance. As a strong reducing agent, N 2 H 4 can smoothly reduce elemental chalcogen to form chalcogenide Q 2À anions or polychalcogenide Q n 2À (Q ¼ S, Se, Te) anions. This makes it possible to prepare chalcogenidometallates using elemental chalcogens instead of chalcogenides as starting materials under mild conditions. The high polarity and coordination aptitude of N 2 H 4 are helpful for dissolving the metal chalcogenide species and prevent them from generating precipitation in the growing crystalline chalcogenides. In fact, hydrazine has been used as a reaction media in preparation of chalcogenides in the last decade and several hydrazine-adducts of metal chalcogenides were prepared in hydrazine solution at room temperature.
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However, the synthesis in hydrazine solvent under solvothermal conditions (hydrazine-solvothermal) remains less explored. The early works in this area afforded hydrazine-complexes of metal chalcogenides based on 15/16 and 14/16 chalcogenidometallates. 17 Recently, we successfully prepared the heavier telluromercurates by the hydrazine-solvothermal method using powder Te as the sole tellurium source in the lower temperature range. 18 In addition, several experiments have demonstrated that the reactive hydrazine molecule is also an important auxiliary reagent in the preparation of crystalline chalcogenidometallates, although it does not appear in the nal products.
13b,13h,19
Inspired by our previous work on fabrication of TMcontaining chalcogenidoarsenates in different solvents, 20 we are interested in understanding how the solvent and coordination effects of hydrazine to inuence crystal growth of chalcogenidoarsenates under solvothermal conditions. Now, we chose Mn/As/S as a model system to systematically explore the hydrazine-solvothermal syntheses under different conditions. By changing the second solvent, six polymeric Mn(II)-thio- This investigation could provide us a better understanding of the different effects of N 2 H 4 solvent from the traditional organic amine solvent on preparation of Mn-As chalcogenides under solvothermal conditions.
Results and discussion

Syntheses
Title compounds were prepared using elements Mn, As, and S as starting materials in N 2 H 4 solvent under solvothermal conditions in moderate temperature range (Scheme 1).
Reaction of Mn, As, and S in the 1 : 1 (v/v) N 2 H 4 /en mixed solvent for 6 days produced a thioarsenate(III) [Mn(en) The purity of bulk phases of title compounds were investigated using powder X-ray diffraction (PXRD). The PXRD patterns of title compounds are consistent with the simulated PXRD patterns based on single-crystal XRD data (Fig. S7 †) , respectively.
Crystal structures
Compound 1 crystallizes in the monoclinic space group P2 1 /c with four formulae in the unit cell ( (Fig. 1a) . As a result, the S1 atom occupies the heart of the cubic cluster, and binds six Mn atoms as a m 6 -S bridging ligand (Fig. 1b) ] n waved layer perpendicular to the b axis ( Fig. 2b and S9a †). Parallel stacking of the waved layers generates squareshaped channels running along the a axis of the unit cell, and the [Mn(en) (Fig. 3) (Fig. S10 †) . Compound 3 crystallizes in the triclinic space group P 1 with one formula in the unit cell. It contains one crystallographically independent As, three half Mn, and four S atoms. As shown in Fig. 4 ] n chain (Fig. 5b) . The S1 atoms of the [Mn 2 {(m-N 2 H 4 )(m 3 -AsS 3 )} 2 2À ] n chain coordinate to the Mn(1) 2+ ions on both sides of the planar [{Mn(1)(m-trien)} 2+ ] n chain ( Fig. 5a and   b ), to complete coordination number of six for the Mn(1) 2+ ion.
As a result, a neutral 3-D framework of [Mn(m-trien)(Mn 2 {(m-N 2 H 4 )(m-AsS 3 )} 2 )] n is obtained (Fig. 5c ). In the framework, the [{Mn(m-trien)} 2+ ] n cationic chains run along the a axis, while the The chain is composed of two and two halves crystallographically independent Mn, two As, and six S atoms. As shown in Fig. 6 , As(1) 3+ and As(2) 3+ ions are both coordinated with three S 2À anions to form trigonal pyramids As(1)S 3 and
As (2) (111) plane (Fig. S12 †) . The layers are further connected by the N-H/S hydrogen bonds into a 3D frame work (Fig. S13 †) .
Compound 5 crystallizes in the monoclinic space group P2/n with two formulae in the unit cell. There are one and a half crystallographically independent Mn, two halves As, and four S atoms (Fig. 7a) ] n cationic chain (Fig. 7b) (Fig. 7c) the chains, and interact with the anionic chains with N-H/S hydrogen bonds (Fig. S16 †) .
In compounds 1-6, the AsS 3 and AsS 4 units coordinate to the Mn(II) centers in different bridging coordination modes, which are summarily illustrated in Fig. 9 . As shown in Fig. 9 , all S atoms of the AsS 3 trigonal pyramid take part in coordination to the Mn(II) center (Fig. 9a-c) . The AsS 3 unit chelates two Mn 2+ ions in a m 2 -1k 2 S 1 , S 2 :2k 2 S 1 , S 3 mode in compound 4 (Fig. 9c) . It acts as a m 3 -AsS 3 bridging ligand with a m 3 -1k 2 S 1 ,S 2 :2k 2 S 1 ,S 3 :2k 2 S 2 ,S 3 mode in compound 1 (Fig. 9a) , and a m 3 -1k 1 S 1 :2k 2 S 1 ,S 2 :2k 2 S 2 ,S 3 mode in compound 3 (Fig. 9b) , to join three different Mn 2+ ions. The tetrahedral AsS 4 unit can bind Mn(II) center with one, two or three S atoms (Fig. 9d-g ). The AsS 4 unit adopts a terminal mode with one S atom to join two Mn(II) centers in compound 2 (Fig. 9d) . It links two Mn(II) centers with a m-1k 1 S 1 :2k 1 S 2 mode (Fig. 9e) , and three Mn(II) centers with a m 3 -1kS 1 :2k 2 S 1 ,S 2 :3kS 2 mode in compound 5 (Fig. 9g) . The AsS 4 unit in 6 joins three Mn(II) centers with a m 3 -1k 1 S 1 :2k 2 S 1 ,S 2 :2k 2 S 2 ,S 3 mode (Fig. 9f) , which is in the same coordination mode with the AsS 3 unit in compound 3 (Fig. 9b) 
Optical properties
The solid state near-IR/UV-Vis reectance spectra of compounds 1-6 above were measured at room temperature on powder samples. The reectance spectra were converted to optical absorption data by the Kubelka-Munk function, 24 which are shown in Fig. 10 . The band gaps can be estimated from the steep absorption edge at 2.32 (1), 2.44 (2), 2.19 (3), 2.39 (4), 2.35 (5), and 2.47 (6) ] n anionic chain in 6 with the labeling scheme. Hydrogen atoms are omitted for clarity. Symmetry codes: (a) Àx, Ày + 1, Àz + 1; (b) Àx + 1, Ày + 1, Àz + 1. Fig. 9 Coordination modes of the AsS 3 and AsS 4 units to Mn(II) centers in compounds 1 (a), 2 (d), 3 (b), 4 (c), 5 (e, g), 6 (f). The As, S and Mn atoms are drawn as green, orange and cyan spheres. Fig. 10 Solid state optical absorption spectra of compounds 1-6.
those of polymeric Mn(II)-thioarsenates [Mn 2 (phen)(As 2 S 5 )] n (E g ¼ 2.01 eV) and [Mn 3 (phen) 3 (AsS 4 ) 2 ] n $nH 2 O (E g ¼ 1.97 eV) decorated by rigid amine phen (phen ¼ 1,10-phenanthroline).
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Magnetic properties
The magnetic susceptibilities of 1 and 2 were investigated for polycrystalline samples in the temperature range of 2-300 K under an applied eld of 1000 Oe. Temperature dependence of c m and c m T (c m is the magnetic susceptibility per Mn(II) ion) curves for compounds 1 and 2 are shown in Fig. 11 . For compound 1, the c m T value is equal to 3.82 cm 3 K mol À1 at 300 K, which is smaller than the spin-only value (4.375 cm 3 K mol À1 )
for a single high-spin Mn(II) ion, indicating strong antiferromagnetic (AF) exchange interactions in 1. 17a When the temperature is lowered, the c m T value decreases gradually and reaches a value of 0.074 cm 3 mol À1 K at 2 K. Meanwhile, the magnetic susceptibility (c m )
increases with lowering temperature until c m reaches a maximum value of 0.0380 mol cm À3 and then decreases gradually, which exhibits antiferromagnetic ordered state with Néel temperature of 26 K. The 1/c m vs. T curve in the temperature range 100-300 K obeys the Curie-Weiss law with C ¼ 5.42 cm 3 K mol À1 and q ¼ À126.45 K (Fig. S17 †) . The large negative q value further conrms the strong AF interactions among the Mn(II) ions in compound 1. The triangular arrangement of the Mn(II) ions can induce spin frustration in 1. The parameter, which is dened as f ¼ |q|/T N , is widely used to measure the relative degree of the spin frustration. The f value of 4.86 indicates weak spin-frustration in 1. At 300 K, the c m T value of compound 2 is equal to 4. at 2 K. The 1/c m vs. T curve in the temperature range 50-300 K obeys the Curie-Weiss law with C ¼ 4.51 cm 3 K mol À1 and q ¼ À19.85 K (Fig. S18 †) . The negative q value conrms the weak antiferromagnetic interactions among the Mn(II) ions. The calculated effective magnetic moment (m eff ) for one Mn(II) ion in compound 2 is 5.81 m B (Fig. S18 †) , which is close to the expected spin-only value of a free Mn(II) ion (5.92 m B ). It is worthy to note that the negative Weiss constant of 1 is larger than that of 2.
Besides the more Mn-S-Mn superexchange magnetic interactions in 1, the shorter Mn(II)/Mn(II) distance in 1 aids the AF exchange interactions. 9d The distances between adjacent Mn(II) ions in 2 are 3.774Å and 6.458Å based on crystal structure. Whilst, compound 1 contains shorter Mn(II)/Mn(II) distances in the range of 3.568-3.792Å, causing a stronger AF coupling interaction in 1.
Experimental
Materials and methods
All starting chemicals except N 2 H 4 $H 2 O are of analytical grade and were used as received. N 2 H 4 $H 2 O is 98% aqueous solution. Elemental analyses were conducted using an EA1110-CHNS-O elemental analyzer. Powder X-ray diffraction (PXRD) patterns were collected on a D/MAX-3C diffractometer using graphite monochromatized CuKa radiation (l ¼ 1.5406Å). Fourier infrared (FT-IR) spectra were recorded on a Nicolet Magna-IR 550 spectrometer using dry KBr discs over the 4000-400 cm À1 range. Room-temperature optical diffuse reectance spectra of powder samples were obtained using a Shimadzu UV-3150 spectrometer. Absorption (a/S) data were calculated from reectance using the Kubelka-Munk function a/S ¼ (1 ÀR) 2 /2R, where R is the reectance at a given energy, a is the absorption, and S is the scattering coefficient. 24 Magnetic susceptibility measurements were performed with a Quantum Design MPMS-XL SQUID susceptometer in the temperature range 2-300 K under an applied eld of 1000 Oe. The magnetic data were corrected for the sample holder and the diamagnetic contributions. Thermogravimetric analysis was conducted on a SDT 2960 microanalyzer and the samples were heated at a rate of 5 C min À1 under a nitrogen stream of 100 mL min À1 .
Syntheses of 1-6
[Mn(en) 3 ] n [(N 2 H 4 ) 2 Mn 6 (m 6 -S)(m-N 2 H 4 ) 2 (m 3 -AsS 3 ) 4 ] n (1). Mn (55.0 mg, 1.0 mmol), As (37.5 mg, 0.50 mmol), S (64.1 mg, 2.0 mmol), ethylenediamine (en, 1.0 mL), and hydrazine monohydrate (98%, 1.0 mL) were mixed by stirring for 10 minutes, and then the mixture was loaded into a polytetrauoroethylene (PTFE)-lined stainless steel autoclave of volume 10 mL. NOTE: hydrazine is highly toxic and explosive, and should be handled carefully. The sealed autoclave was heated to 110 C for 6 days and then cooled to ambient temperature. The crude product contains yellow crystals and black powder. The crude product was transferred into a vial which was lled with en/C 2 H 5 OH (1 : 1 (V/V)). Most of the black powder was suspended in the solution, which was then decanted leaving behind crystals. This procedure was repeated until the water remained clear. . Mn (55.0 mg, 1.0 mmol), As (37.5 mg, 0.50 mmol), S (64.1 mg, 2.00 mmol), en (0.5 mL), and hydrazine monohydrate (98%, 1.5 mL) were mixed by stirring for 10 minutes, and then the mixture was loaded into a PTFE-lined stainless steel autoclave of volume 10 mL. The sealed autoclave was heated to 90 C for 6 days and then cooled to ambient temperature. The yellow block crystals of 2 were collected with a procedure similar to that for the treatment of 1. [Mn(m-trien){Mn(m-N 2 H 4 )(m-AsS 3 )} 2 ] n (3). Mn (55.0 mg, 1.0 mmol), As (37.5 mg, 0.50 mmol), S (64.1 mg, 2.00 mmol), triethylenetetramine (trien, 1.0 mL), and hydrazine monohydrate (98%, 1.0 mL) were mixed by stirring for 10 minutes, and then the mixture was loaded into a PTFE-lined stainless steel autoclave of volume 10 mL. The sealed autoclave was heated to 110 C for 6 days and then cooled to ambient temperature. The orange block crystals of 3 were collected with a procedure similar to that for the treatment of 1. [{Mn(N 2 H 4 )} 2 (m-N 2 H 4 ) 2 {Mn(m-N 2 H 4 ) 2 (m-AsS 3 ) 2 }] n (4). Mn (55.0 mg, 1.0 mmol), As (37.5 mg, 0.50 mmol), S (64.1 mg, 2.00 mmol), trien (0.5 mL), hydrazine monohydrate (98%, 1.0 mL), and DMF (0.5 mL) were mixed by stirring for 10 minutes, and then the mixture was loaded into a PTFE-lined stainless steel autoclave of volume 10 mL. The sealed autoclave was heated to 90 C for 6 days and then cooled to ambient temperature. The yellow block crystals of 4 were collected with a procedure similar to that for the treatment of 1. Yield 93 mg (53% based on As [Mn 3 (m-N 2 H 4 ) 6 (AsS 4 )(m-AsS 4 )] n (5). Mn (55.0 mg, 1.0 mmol), As (37.5 mg, 0.50 mmol), S (64.1 mg, 2.00 mmol), hydrazine monohydrate (98%, 1.5 mL), and DMF (0.5 mL) were mixed by stirring for 10 minutes, and then the mixture was loaded into a PTFE-lined stainless steel autoclave of volume 10 mL. The sealed autoclave was heated to 90 C for 6 days and then cooled to ambient temperature. The yellow block crystals of 5 were collected with a procedure similar to that for the treatment of 1. [Mn(NH 3 ) 6 ] n [{Mn(NH 3 )(m-AsS 4 )} 2 ] n (6). Mn (55.0 mg, 1.0 mmol), As (37.5 mg, 0.50 mmol), S (64.1 mg, 2.00 mmol), hydrazine monohydrate (98%, 1.0 mL), and aqueous ammonia (25%, 0.5 mL) were mixed by stirring for 10 minutes, and then the mixture was loaded into a PTFE-lined stainless steel autoclave of volume 10 mL. The sealed autoclave was heated to 90 C for 6 days and then cooled to ambient temperature. The yellow block crystals of 6 were collected with a procedure similar to that for the treatment of 1. Yield 67 mg (38% based on As 
X-ray crystal structure determinations
Data were collected on a Rigaku Saturn CCD diffractometer at 293(2) K using graphite-monochromated Mo-Ka radiation with a u-scan method to a maximum 2q value of 50.70 . The intensity data sets were collected with a u-scan method and reduced with the CrystalClear program. 27 An empirical absorption correction was applied for compounds 1-6 using the multiscan technique. The structures were solved with direct methods using the program of SHELXS-97, 28a and the renement was performed on F 2 using SHELXL-97. 28b All the non-H atoms were rened anisotropically. The hydrogen atoms were added geometrically and rened using the riding model. Technical details of data acquisition and selected renement results are summarized in Table S1 . †
Conclusions
It has been demonstrated that hydrazine is a successful reaction media for the thermal synthesis of thioarsenate. A series of 1-D, 2-D and 3-D polymeric Mn(II)-thioarsenates have been prepared by hydrazine-solvothermal methods. The templating effect of hydrazine is inuenced by the second ligand or solvent, which causes variable coordination modes between the thioarsenate anions and TM cations. The syntheses and properties of the title compounds indicate the possibilities of syntheses of new TM chalcogenidometallates with tunable structures by selecting the different coordinating solvents in hydrazine. Further studies on constructing new hybrid chalcogenidometallates with TM complex cation by hydrazine-solvothermal methods are in progress.
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